Cigarette smoking has deleterious effects on the musculo-skeletal system. The loss of bone mineral content and increased incidence of fractures are the best known negative consequences. The pathogenesis is complex, due to direct toxic effects on osteoblasts/osteoclasts activity of nicotine, and indirect actions on sex and adrenocortical hormones, vitamin D, intestinal calcium absorption, vessels and oxygen supply. Smoking may favour the onset or aggravate the progression of rheumatoid arthritis and back pain. Negative influences have been observed on muscle and on tendons. Moreover, smoking habit is associated to a number of short term post-operative complications and higher resource consumption. Smoking cessation is highly advisable with positive effects on the bone metabolism on the long term. More positive and immediate results can be obtained in patients submitted to orthopedic surgery: the healing process is improved, the frequency of complications is reduced, and the length of hospital stay is shortened.
Introduction
Cigarette smoking (CS) is the largest cause of preventable deaths in the world. Notwithstanding the overwhelming relevance of lung cancer, chronic bronchitis and coronary heart disease, CS is also an important risk factor for a plethora of conditions, which jeopardize the duration and quality of life. A large amount of clinical and experimental research shows that CS has deleterious effects on the musculoskeletal system, and worsens the prognosis of several orthopaedic disorders and surgical procedures. The number of cigarette smokers is still high all over the world, but the clinical relevance of this collateral, but important, problem is underestimated. Aim of our paper is to summarize the present knowledge on this topic, and to alert physicians about the need of considering the effects of smoking on the locomotor system, which have a major health and economic impact 1 . A search of English-language articles was performed in PubMed, Web of Knowledge (WOK) and EMBASE using the key search terms "cigarette smoking", "smoking", "nicotine" combined with "bone mineral content", "osteoporosis", "fractures", "wound healing", "orthopaedic surgery", "back pain", "rheumatoid arthritis", "osteoarthritis", "muscles", "tendons", independently. Bibliographies were hand searched to include any applicable studies that were not captured by our search. Articles were eligible if they provided specific information related to the correlation between cigarette smoking and musculo-skeletal disorders.
Bone metabolism and osteoporosis

Epidemiology
The first suggestion of an association between tobacco smoking and osteoporosis dates back to 1976 2 . Afterwards, the effect of smoking on Bone Mineral Content (BMC) has been confirmed by several epidemiological studies. In a cohort study, Gerdhem & Obrant 3 found significantly lower values of BMC in the femoral neck, tibia and calcaneus, and, at a lesser extent, in the lumbar spine and bones of the hand. These results were confirmed in a large epidemiologic survey on 14000 subjects, from 19500 randomly selected, submitted to the evaluation of BMC by DEXA at proximal femur site. Cotinine, a marker for tobacco exposure, was simultaneously measured, and a significant inverse relationship between cotinine and BMC was observed in both genders 4 .
A five year longitudinal study investigated the development of bone density in a population of 833 young men (18-20 years), using high resolution peripheral
Quantitative Computed Tomography. Men who had started smoking had considerably smaller increases in total body and lumbar spine BMC, and substantially greater decreases at the total hip and femoral neck, than men who were non smokers at both baseline and follow-up visits 5 . Epidemiological surveys on post-menopausal women show that smokers loose significantly more cortical bone than non smoking counterparts 6 . A cross-sectional study of bone density at the lumbar spine and the femoral neck in 41 pairs of female twins, discordant for smoking habits, showed that women, who had smoked one pack of cigarettes each day throughout adulthood, by the time of menopause had an average deficit of 5-10% in bone density, sufficient to increase the risk of fracture 7 . Passive smoking has attenuated but yet evident effects on bone mineral density, as shown by Kim et al. 8 who found a clear positive association between secondhand smoke exposure and lumbar and femoral neck osteoporosis in 925 postmenopausal never-smoking Korean women. In conclusion, summing up the results of epidemiologic studies, smoking has a central role in the development of bone loss at all skeletal sites. Bone loss shows a positive relationship with the daily number of cigarette smoked and years of exposure, and is independent from sex, age, weight, BMI, and several unhealthy lifestyle habits, frequently seen in smokers (e.g. lack of physical activity and sun exposure, low calcium intake and alcohol and caffeine use) 9 .
Pathogenesis
The pathogenesis of bone mass loss is complex and only partially clarified. Alterations of bone metabolism may occur directly by a toxic activity on bone cells, and indirectly by involvement of sexual, calciotropic, and adrenocortical hormones, vascular system and oxygen supply ( Fig. 1 ).
Direct activity
Several in vitro studies show that nicotine may affect bone metabolism in a biphasic manner, stimulating at low doses, at concentrations analogous to those acquired by light smokers, and depressant at high doses, with concentrations analogous to those acquired by heavy smokers. Moreover, there are suggestions that bone metabolism may be also influenced by other components of smoke, which contains thousand of harmful activities. In Walker's et al. 10 experiments, performed on human bone cells (isolated from biopsies), toxic, anti-proliferative effects were observed at high nicotine levels (>1 mmol/L), while stimulatory effects were found at very low levels (0.01-10 micromol/L). The positive effects from low level treatment correlated with an up-regulated expression of the AP-1 transcription factor, c-fos, while western analysis of proteins highlightened an increase in osteopontin, a bone matrix protein implicated in regulating re-adsorption 10 . These results were confirmed by Rothem et al. 11 on human osteosarcoma cells, and by Gullihorn et al. 12 in vitro cultures of osteoblast-like cells.
Indirect activity
CS is provided of anti-estrogenic activity as smokers women show lower levels of estrogens, and an earlier Figure 1 . Pathogenetic mechanisms leading to decreased. BMC in smokers. PTH = parathermone menopause than their non smoking counterparts. Moreover, smoking may nullify the protective skeletal effects of usual doses of estrogen replacement, and higher doses must be used to achieve clinical effects comparable to those observed in non-smokers 6 .
Smoking may influence estrogens production and metabolism by different mechanisms: 1) inhibiting the enzyme aromatase, which is essential for estradiol synthesis; 2) increasing 2-α-hydroxylation, with irreversible conversion of estrone to the inactive metabolite 2-methoxyestrone; and 3) increasing sex-hormone binding globulin levels, with subsequent reduction of active free estradiol 13 . Also the role of testosterone on bone health, proven by the presence of specific receptors in bone, and indirectly by the conversion through aromatization to estrogens 14 , must be taken into account. Indeed, low serum testosterone levels are associated with significant deterioration of trabecular bone, and increased risk of osteoporotic fractures 15 . It is supposed that smoking may alter vitamin D metabolism influencing the activity of 25-hydroxylase in the liver 16 . Serum levels of 25-hydroxyvitamin-D, as well as of 1.25-dihydroxyvitamin-D, are significantly reduced in current smokers. As consequence, intestinal calcium absorption is decreased, as shown by the reduced serum levels after an oral calcium load 16 . The effects of CS on serum parathyroid hormone are controversial: some authors have found increased levels of parathyroid hormone, and have put emphasis on the role of secondary hyperparathyroidism, but other studies have shown suppressed parathyroid hormone levels despite low vitamin D levels. The underlying mechanisms for these differences remain unknown 13 . Hypercortisolism, which is frequently present in smokers, may alter directly the osteoblastic and osteoclastic activity, and indirectly influences bone metabolism, impairing gastrointestinal and renal tubular calcium re-absorption 13 . Finally, several systemic effects of CS may contribute to reduce BMC: among them, chronic inflammation (as shown by increased IL-6 levels), increased oxidative stress, vascular damage, and reduced oxygen delivery to tissues 13 .
Fractures
As consequence of osteoporosis the incidence of fractures is increased. The risk, adjusted for confounding variables, is higher in men than in women. It is estimated that smoking increases the lifetime risk of developing a vertebral fracture by 32% in men and 13% in women, and a hip fracture by 40% and 31%, respectively 17 . However, smoking cessation reduces the risk of hip fracture in men after 5 years, while the deleterious effects seem to be more long lasting in female ex-smokers 17 . The reduced BMC is the major determinant of fractures, but it must be remembered that the systemic effects of CS, such as the negative influence on vascular system, oxygen supply, muscle strength and the overall reduced performance, may influence balance, increasing the risk of falls in smokers ( Fig. 2 ).
Post-surgery outcomes
Fractures healing
Fracture healing is a complex process, which has been studied in a variety of mammalian models. It can be divided into a number of discreet phases (haematoma and inflammatory response, callus formation, ossification, and remodelling), involving a Cigarette smoking and musculoskeletal disorders cascade of synthesis and activation of matrix proteins, growth factors, cytokines, and angiogenic stimulators that coordinate restoration of mechanical stability at the fracture site.
Smoking delays fracture healing. In a study performed on 146 consecutive closed and grade I open tibia shaft fractures, treated with cast immobilization, external fixation, or intramedullary rod fixation, the median time to clinical healing for smokers was significantly greater than for non smokers (269 days vs 136 days) 18 . CS also adversely affects graft incorporation at different sites (humerus, tibia and femur), using a composite graft of liophilized cancellous allogenic chips and demineralised bone matrix 19 . Clinical studies are consistent with experimental observations. At 7 days post-injury, mice exposed to CS had a smaller fracture callus with less cartilage matrix and a more immature morphology of proliferating cells; at 14 days they showed more chondrogenesis, but less percentage of bone, compared to controls, and at day 28 a larger callus in the fracture site 20 . Yamano et al. 21 showed that nicotine inhibits bone wound healing around titanium implants in rats. In this experiment, expression levels of osteopontin, type II collagen, bone morphogenic protein-2 and bone sialoprotein were significantly down-regulated in the nicotine-delivered group compared with controls. Several factors potentially undermine the normal fracture repair. As previously seen, nicotine is provided by a direct toxic activity, which inhibits the proliferation of a variety of cells essential for healing. Besides that, nicotine is a potent vasoconstrictor, that reduces blood flow, essential for the injured tissues; it also increases platelet adhesiveness, favouring microvascular occlusion. The limited blood supply, the carbon monoxide increased concentrations, and the toxic effects of hydrogen cyanide on the mitochondrial respiratory chain, are responsible for tissue hypoxia. This in turn is a major factor in the impaired production of cartilaginous callus, since oxygen is essential for the physiologic hydroxylation of proline and lysine, a critical step in type II collagen synthesis 22 .
Chondrocyte implantation
The deleterious effects of CS are also manifest in the outcome of autologous chondrocyte implantation for the treatment of full thickness chondral defects of the knee. In the Jaiswal's et al. study 23 , the mean Modified Cincinatti Knee score was significantly lower in smokers (n= 48) than in non smokers (n= 66), both before and after implantation (p< 0.05). Graft failures were only seen in smokers (p= 0.016). A strong negative correlation between the number of cigarettes smoked and the outcome following surgery was reported.
Wound healing
Fibroblast and mesenchymal stem cells are crucial mediators of wound repair, producing different cy-tokines which have an important role in the granulation tissue formation. CS negatively influences the production of Growth Factors, leading to poor healing and to chronically unhealed wounds. The delayed healing and post-operative short term complications (i.e osteomyelitis, pulmonary infections, cardiac failure or rhythm disorders), requiring post-operative intensive care, frequently observed in smokers submitted to surgical orthopaedic procedures are also responsible of longer hospital stay, and higher resource consumption 24 .
Back pain
Smoking has been associated with back pain, independently from confounding factors such as age, sex, physical activity, life style habits, and coughing due to respiratory diseases, which may contribute to exacerbate the symptom 25 . Based on the observation that smoking is associated with higher levels of negative emotional symptoms, it was suggested that persons with chronic back pain may be motivated to smoke because they perceive smoking will help them effectively cope with pain and related emotional distress. However, this hypothesis has been rejected by studies 26, 27 which have shown that this association is evident also after controlling for the presence of any lifetime anxiety and mood disorders. On the contrary, experimental studies strongly support an organic pathogenesis. In animals, submitted to passive smoking (equivalent to 20 cigarettes/day for 8 weeks), cell necrosis and fibrosis in the nucleus pulposus, chondrocytes degeneration, reduced collagen synthesis, misalignement of collagen layers, and increased degradation of extracellular matrix proteins were observed 28 . In mice exposed to tobacco smoke by direct inhalation to model long term smoking in humans, both a reduced proteoglycan synthesis and increased degradation of a key disc extracellular matrix protein, aggrecan, within its interglobular domain, were found. Cleavage of aggrecan interglobular domain is extremely detrimental as this results in the loss of the entire glycosaminoglycan attachment region of aggrecan, which is vital for attracting water necessary to counteract compressive forces 29 . Based on these experimental observations, the most widely accepted explanations for the association between smoking and disc degeneration include an adverse toxic activity of nicotine itself, increased degradation of collagen, and decreased blood and oxygen supply, resulting from the vascular damage, and/or vasoconstriction of the vascular network surrounding the intervertebral discs.
Osteoarthritis
The association between osteoarthritis (OA) and CS has been object of several epidemiological surveys.
Felson et al. 30 evaluating 1415 members of the Framingham Heart Study cohort, after 36 years follow-up, found that subjects who had been smokers at baseline had a lower rate of OA (28%) than did non smokers (37.5%), after adjusting for age, sex and weight. These results were confirmed in a retrospective study by Cerhan et al. 31 Subsequently, Felson et al. 32 performed a longitudinal study of knee OA, evaluating the Kellgren-Lawrence score of OA on weight bearing knee. This report revealed that smokers had a lower risk, compared to non smokers (R= 0.4, CI 0.2-0.8). These literature data, suggesting that smoking would well have a protective effect against OA, could be comforted by in vitro studies, which show an anabolic action of nicotine on chondrocytes 33 . However, the protective effect remains modest and non significant, and may be reported to inaccurate methods of evaluation and selection bias, resulting from studies not primarily designed to investigate smoking outcomes. More recently, longitudinal research performed by means of MRI has shown significant loss of knee cartilage at the medial tibiofemoral joint and the patellofemoral joint in smokers. Davies-Tuck et al. 34 studied, in a 2 years follow-up, the changes in the tibial and patellar cartilage in a cohort of 271 middleaged adults. Being a smoker (former or current) was associated with increased annual loss of medial tibial and patella cartilage volume. Patients with bone marrow lesions at baseline were at higher risk of medial cartilage loss, suggesting that cartilage loss may be partially mediated by bone marrow lesions, which may represent one step in the continuum from a healthy to a diseased joint.
Rheumatoid arthritis
Many environmental factors have been associated with an increased risk of developing rheumatoid arthritis (RA), but so far smoking is the sole widely studied and accepted. It results from meta-analyses that smoking contributes up to 25% of the population burden of RA, and there is evidence that the risk is associated with a long duration but merely a moderate intensity of smoking 35 . The risk is present in both sexes, but is stronger in males and especially strong for seropositive RA 35 . Epidemiological investigations have shown that smoking may be a specific risk factor only for the anti-citrullinated peptide antibody positive (ACPA+) RA through an interaction with the shared epitope. Eversmokers with two copies of the shared epitope have a relative risk of 21 for ACPA+ RA as compared with non smokers with no shared epitope 36 . The observed differential effect may be because smoking acts as an inflammatory mediator or be related to an interaction between smoking and genotype. CS can influence the development of more aggressive joint damage, and is additionally associated with a higher prevalence of extra-articular manifestations, including subcutaneous nodules and interstitial lung disease 37 . In observational cohort studies, heavy smokers had less improvement in disease activity after treatment to both biologic and non-biologic disease-modifying antirheumatic drugs 38 . However, these conclusions have not been confirmed in a randomized, placebo double blind controlled study, where serum cotinine, a metabolite of nicotine, was measured as an objective marker of tobacco exposure 39 .
Muscles
The age related loss of muscle mass and strength is significantly influenced by CS. In the Amsterdam Growth and Health Longitudinal Study, four repeated measurements of the quadriceps strength, at the ages of 21, 27, 32 and 36 years, were performed. In men and women, an inverse relationship between tobacco smoking and quadriceps strength was found: smoking 100 g of tobacco/week resulted in a reduction of 2.9% in men and of 5.0% in women, independently of lifestyle covariates 40 . Clinical and experimental studies have shown that CS induced skeletal muscle damage is due to impaired muscle metabolism, increased inflammation and oxidative stress, over-expression of atrophy related genes and activation of various intracellular signaling pathways 41 . Among them, ubiquity in specific protease-19 (USP-19) is up regulated in the skeletal muscle in some degradative conditions, such as diabetes, dexamethasone treatment, and cancer. An over expression of USP-19 has been also observed in rats exposed to chronic CS. This finding suggests that USP-19 may be a potential therapeutic target using specific inhibitors 42 . Besides the reduction of the muscle mass and strength, CS is associated to a higher risk of muscle pain. A survey performed on a large general population (about 13000 subjects) showed, after adjustment for potential confounders, that current and ex smokers had higher risk than lifetime non smokers for musculoskeletal pain (neck, upper and lower limbs) 43 . The increased musculoskeletal pain could arise from a pharmacological effect of tobacco smoke; however, on the contrary, it cannot be excluded that people with a low pain threshold are more likely to take up and continue smoking 26 .
Tendons
Cohort studies show that smoking is associated with persistent shoulder pain and tendinopathy, mainly on the dominant side, and is an important risk factor for the development of rotator cuff tears 44 . In a study including 408 patients who underwent arthroscopic repair of cuff tears, a positive relationship between the daily average number of cigarettes, and the total number of cigarettes smoked in life, and the increasing severity of tears was found 45 .
CS is also a strong risk factor for distal biceps tendon rupture. Indeed, smokers have a 7.5 times greater risk of distal biceps tendon rupture compared to non smokers 46 , and patients who sustain bilateral distal biceps tendon ruptures are usually middle-aged men with higher rates of nicotine and anabolic steroid use than the general population 47 . Negative effects of nicotine have been shown also on tendon healing. In experimental models of transected tendons (Achilles and rotator cuff), animals receiving subcutaneous administration of nicotine tartrate, compared to controls, showed an increased gap in repair site, associated to fibroblast degeneration and irregular fibrils organization 48 .
Conclusions
The present review provides a clear demonstration of the deleterious effects of CS on the musculo-skeletal system. The relationships of CS with the reduction of BMC, osteoporosis and fractures are the best known, but there is evidence of negative influence on OA, RA, intervertebral discs degeneration, decreased muscle mass and strength, muscle pain, tendons degeneration and ruptures. Moreover, smoking habit delays fracture and tendon healing and is associated to a number of post operative short term complications, responsible of longer hospital stay, and higher resource consumption. Therefore, smoking cessation is highly advisable to prevent musculo-skeletal diseases. Long term positive effects can be seen on the bone metabolism, as shown by the increase of BMC at different sites, and by the reduced incidence of fractures 49 . More evident results can be obtained from smoking cessation in the short term, in patients submitted to orthopaedic surgery, being the healing process improved, the frequency of complications reduced, and the length of hospital stay shortened 50 . Even though the cessation of smoking is routinely advised peri-operatively, temporal guidelines are vague and inconclusive. Where applicable, twelve hours is certainly a minimum, as this is the amount of time required to clear the human body of carbon oxide. Five/seven days smoke-free prior to surgery have a favourable outcome on wound healing, but twenty days pre-operatively and post-operatively, or longer, are considered better options. Several orthopaedic surgeons in their practice urge their patients to stop smoking before elective bone graft surgery is done. They feel that the incidence of delayed healing of bone graft procedures is so high that it would not be worth proceeding with surgery while the patient is still smoking. There is a need of controlled studies to state whether this assumption, based on anecdotic observations, can be considered scientifically proved.
